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INTRODUCTION
A flat leaf of higher plants is the outcome of adaxial-abaxial patterning from a dome-shaped early-stage primordium (Waites and Hudson, 1995; Timmermans et al., 1998) . The adaxial domain (upper side) of the leaf contains the tightly packed palisade mesophyll cells that can efficiently capture sunlight, while the abaxial domain (lower side) develops with the loosely organized spongy mesophyll cells that facilitate gas exchange (McConnell et al., 2001; Husbands et al., 2009; Szakonyi et al., 2010) . This structure reflects an important innovation in plant morphology, which has maximized photosynthetic efficiency of the leaf.
Research on the process of leaf adaxial-abaxial patterning has led to the identification of a complex regulatory network comprising many factors, including transcription factors, small RNAs and their biogenesis-related proteins (Bowman et al., 2002; Xu et al., 2007; Husbands et al., Our understanding of the mechanisms mediating leaf adaxial-abaxial polarity formation has been improved significantly in recent years. However, the earlier hypothesis involving whether the shoot apical meristem (SAM)-derived Sussex signal (Sussex, 1951) triggers differentiation of leaf adaxial domain formation during polarity establishment has not been addressed. A recent study reported that polar transport of the plant hormone auxin is involved in the leaf adaxial-abaxial polarity formation (Qi et al., 2014) . It was proposed that after a leaf primordium is initiated, the removal of auxin from the adaxial side of the primordium is necessary for adaxial-abaxial polarity establishment. Thus, the surgical incisions by Sussex may prevent the removal of an abaxializing signal (auxin), rather than blocking a previously suggested adaxial-promoting signal from the SAM (Qi et al., 2014) . However, how auxin polar transport leads to the specification of the leaf adaxial and abaxial domains remains elusive.
In this current study, we attempt to address the Sussex hypothesis. We show that during leaf development, formation of auxin convergence points at lateral regions of an incipient leaf primordium through auxin polar transport is critical for normal development of leaf middle domain and margins, which are required for normal adaxial-abaxial polarity. A tangential incision extending across the apex as performed in previous microsurgical experiments (Sussex, 1951; Reinhardt et al., 2005) is likely to block the formation of auxin convergence points, and the lack of functional middle domain and margins may cause defective leaf polarity with disrupted adaxial domain. Our data suggest that defining the leaf adaxial domain may not require a SAM-derived signal.
RESULTS

Identification of auxin convergence points in lateral regions of the incipient leaf primordium
Recent genetic data demonstrated that PIN1, the auxin efflux carrier in auxin polar transport, is required for leaf adaxial-abaxial patterning, because about one-quarter of all leaves in the pin1-1 mutant plants developed to radialized structures (Qi et al., 2014) . To explore the role of PIN1 in leaf adaxial-abaxial patterning, we performed live imaging to analyze auxin flows in and around young primordia through cellular localization of PIN1, given that the cellular polarity of PIN1 is correlated with the direction of auxin flow (Friml, 2003) . For consistency in nomenclature with previous studies, we followed the definitions of Sussex: i.e., primordia that are visible at the time of experiment are named P 1 and P n , with P 1 being the youngest; and those that are initially not visible but are about to emerge are named I 1 and I n , with I 1 being the oldest (Sussex, 1951) . A confocal laser scanning microscope with Airyscan was used to analyze the cellular localization of PIN1 in tomato plants expressing the pAtPIN1:AtPIN1-GFP transgene (Bayer et al., 2009) . Airyscan technology greatly increases the optical resolution, so that it is possible to distinguish directly between the AtPIN1-GFP fluorescence (green) and the closely associated propidium iodide (PI) fluorescence (red), which represents the staining of the cell membrane and cell wall (Robinson et al., 2002) (Figure S1 ).
AtPIN1-GFP signals were present in cells in the central part of the SAM, in the I 1 primordium, and in distal parts of young leaf primordia such as P 1 , P 2 , and P 3 (Figure 1a , left panel). In the SAM area, most cells showed that AtPIN1-GFP polarity pointed toward the summit, except for a few cells whose surrounding cells had AtPIN1-GFP polarity pointed toward them to form a convergence point (Figures 1a, right panel and S2) . It is possible that these cells may develop into an I 2 primordium, as their position showed an approximately 137°divergence angle relative to the existing I 1 primordium (Reinhardt et al., 2003) .
Based on the distance between the I 1 center and the SAM summit, I 1 primordia could be roughly grouped into earlier-stage I 1 (e-I 1 ) ( Figure 1b ) and later-stage I 1 (l-I 1 ) (Figure 1d ). In the lateral regions of e-I 1 (with a shorter distance to the SAM summit), there were cells showing AtPIN1-GFP polarity directed toward the primordium (Figure 1c , turquoise arrows). Most cells in the adaxial side of the e-I 1 primordium showed AtPIN1-GFP polarity directed toward the SAM center ( Figure 1c , yellow arrows), but some cells had AtPIN1-GFP polarity pointed toward the SAM side ( Figure 1c , red arrows), opposing the direction of auxin flow toward the e-I 1 primordium to form convergence points (Figure 1c, . At the l-I 1 stage, markedly increased numbers of cells showed AtPIN1-GFP polarity directed either toward the SAM center (Figure 1d , e, yellow arrows) or the SAM sides (Figure 1f , g, red arrows). Similar to those of e-I 1 , cells with opposing AtPIN1-GFP polarities at lateral regions of l-I 1 were also observed, forming auxin convergence points (Figure 1g , k-m, turquoise and red arrows). The difference between e-I 1 and l-I 1 was that the convergence points with e-I 1 were closer to the primordium center than those with l-I 1 . We analyzed and recorded a total of six I 1 primordia, and this AtPIN1-GFP distribution pattern is consistent. In addition to the two I 1 samples shown in Figure 1(c, g ), respectively, results by analyzing the other four samples are shown in Figure S3 .
The AtPIN1-GFP polarity patterns in cells in and around the P 1 primordium differed markedly from those of cells in and around I 1 primordia. Although a boundary between P 1 and the SAM was morphologically indistinguishable at the time, auxin polar transport occurred along the future boundary (Figure 2b, d, red arrows) . Cells with AtPIN1-GFP fluorescence associated with P 1 were divided by tangential auxin flow into two parts: the SAM part (close to the SAM) and the primordium part (away from the SAM). In the central area adaxial to P 1 , the AtPIN1-GFP polarity in the SAM part was directed toward the SAM center (Figure 2a, b, yellow arrows) . In the lateral regions, however, AtPIN1-GFP polarity in the SAM part was directed toward the SAM side ( Figure 2c , d, yellow arrows). The most distinct change of AtPIN1-GFP polarity occurred in the primordium part, in which the polarity in many cells in both central and lateral regions was directed toward the P 1 summit (Figure 2b , d, turquoise arrows).
Disruption of auxin flow in lateral regions of I 1 primordia caused defective leaf polarity
Previous microsurgery experiments showed that isolation of leaf primordia from the SAM at the I 1 stage usually resulted in a higher rate of adaxially defective leaves than isolations at any other primordium stages (Sussex, 1951; Snow and Snow, 1954; Wardlaw, 1955) . Additionally, the convergence point identified in the I 1 lateral regions was I 1 -stage specific, but its function in leaf development is unknown. Next, we focused on the special I 1 auxin flows, by performing microsurgery incisions to interrupt the auxin flows and then analyzing the phenotypes of the treated leaf primordia after culturing.
The mock-treated l-I 1 primordia on the detached tomato apices emerged at 1 day after culturing (DAC) to enter its P 1 stage (Figure 3a) . At 7 DAC, the mock-treated I 1 primordia developed into leaves with adaxial-abaxial polarity, showing abaxial trichomes that were mostly long and linear, and adaxial trichomes that were exclusively globular (Figure 3b , c). In addition, lateral leaflets emerged from margins and pointed toward the SAM. These phenotypes are good markers to evaluate leaf polarity (Reinhardt et al., 2005) . Incisions were made at both sides, but only laterally flanking the estimated site of an I 1 primordium (Figure 3d ). Because the incised position at 1 DAC turned brown, the distance between the center of the colored incision position and the P 1 summit for each incision-treated apex could be measured under the dissecting microscope, and the distances were recorded for subsequent analyses (see below). At 7 DAC, about half of the incision-treated primordia developed into polarity-defective structures (Figure 3h ), including radialized leaves that represent a severe loss of adaxial-abaxial polarity ( Figure 3e ) and also other weaker adaxially defective leaves ( Figure S4 ). Transverse sections through the basal part of the 14-DAC leaf from the untreated primordium showed that vascular tissues were patterned into a fan-shaped bicollateral vascular bundle with phloem at the adaxial pole, xylem in the middle, and additional phloem at the abaxial pole ( Figure 3f ) (Ji et al., 2010) . However, in the same-age radialized leaf, the vascular bundle formed a concentric ring with a phloem-surrounding-xylem structure ( Figure 3g ). These results together with these structures being covered with all abaxial trichomes (Figure 3e ) suggest that the incision-caused defective structures are all abaxialized leaves (Bowman et al., 2002; Reinhardt et al., 2005; Szakonyi et al., 2010) .
Using the data recorded at 1 DAC for the distance between the incision position and the P 1 summit, the relationship between the incision position and phenotypic severity at 7 DAC was assessed. It was evident that phenotypic severities are corresponded to the special ranges of incision position (Figure 3i ). We also tested whether the lateral incision affected AtPIN1-GFP polarity in the untouched central part adaxial to the I 1 primordium. Our results showed that the polarity of PIN1-GFP was still directed toward the SAM center, observed about 19 h of culturing after incision treatment ( Figure S5 ). These results suggest that auxin flows through the central part may not be sufficient in establishing the leaf polarity.
Lateral and previous tangential incisions may affect the same physiological process
The fact that blocking auxin flows in I 1 lateral regions caused abaxialized leaves to form raised the question as to whether previous microsurgery experiments that yielded abaxialized leaves may have disturbed the same I 1 -specific auxin flows. We reassessed the previous tangential incision to isolate the I 1 primordium, which was reported to result in abaxialized leaves (Sussex, 1951 (Sussex, , 1954 Reinhardt et al., 2005) . Indeed, tangential incisions across the apex yielded abaxialized leaves (Figure 4a ). Similar to the lateral incision treatment, the abaxialized leaves caused by tangential incision also showed different phenotypic severity including radialized leaves (Figure 4b , c) and other weakly defective leaves (Figure 4d ). Distances between incision position and primordium summit for each treated primordium were also measured at 1 DAC, and the incision position was closely correlated with the phenotypic severity ( Figure 4e ). We next analyzed the effect of tangential incision on leaf development. The non-incised leaf primordium continually expanded until its margins reached to approximately onethird the circumference of the apex (Figure 4f-h) . However, the tangential incision across the apex at the I 1 stage clearly prevented the primordium from growing laterally (Figure 4i-k) , similar to the lateral incisions that block the lateral growth of leaf primordia.
Because both the tangential and lateral incisions resulted in abaxialized leaves, we tried to find whether there are regions in the apex that are affected by both types of incisions. A sample apex from the tangential incision experiment was picked, which developed into a radialized structure observed at 7 DAC (Figure 4a ). The distance between the incision and P 1 summit for this tangential-incision-treated apex was recorded at 1 DAC (Figure 5a , white line), and then positions of all lateral-incision-treated apices that yielded radialized leaves were grouped and were mapped on to this tangential-incision-treated sample apex ( Figure 5b , red box). These two types of incisions indeed have an overlapped region of damage, indicating that they may affect the same physiological process, (h) Statistical analysis of leaf phenotypes at 7 DAC after I 1 primordia were laterally incised and cultured. R, leaves with adaxial-abaxial polarity defects. F, leaves with normal phenotypes. I, severe damage caused by incision treatment of primordia at I 1 stage (leaves failed to grow).
(i) Correlation between incision positions and phenotypic severity of resulting leaves (*, P < 0.05; **P < 0.01; Kolmogorov-Smirnov test and t-test). Distances between incision positions (both left and right sides) and primordium centers were measured at 1 DAC, and cartoon shows measurement of left side incision (short black line). Phenotypes of incised primordia were analyzed at 7 DAC. Note that a distance of >70 lm between incision and primordium summit on at least one side usually resulted in a leaf with normal polarity.1, Damaged primordia; 2, Radialized leaves; 3, Trumpet-like structure with only small upper part of a leaf having adaxial-abaxial polarity; 4, Leaves with normal upper part but with fused leaflets. M, SAM summit. Scale bars = 100 lm (a-g).
possibly the formation of convergence points in the lateral regions of incipient leaf primordia.
Genetic evidence for the importance of leaf middle domain and margins in leaf adaxial fate
The results from both tangential and lateral incision experiments suggest that leaf margins, which are associated with the middle domain, are important for normal development of the leaf adaxial domain, because both types of incisions that disrupted leaf margins only caused abaxialized leaves. Leaf margins are known to carry meristematic tissues (Alvarez et al., 2016) and are important for leaf adaxialabaxial polarity (Wang et al., 2011; Nakata et al., 2012) . However, genetic evidence that loss of leaf middle domain and margins mainly affects the adaxial domain development was lacking. As there was no tomato mutant available for the genetic experiment, we reanalyzed the Arabidopsis double mutants, wox1 prs and prs-2 wox1-101, trying to find evidence that these middle domain/ margin-defective mutant alleles affect development of the leaf adaxial domain. Compared with wild-type plants, both wox1 prs and prs-2 wox1-101 double mutants in normal growth temperature produced radialized leaves, albeit at very low frequencies (Figure 6a-d, i) . Transverse sectioning further showed that the vascular bundles of the wox1 prs radialized leaves barely developed (Figure 6f ), compared with those in the wild-type petiole (Figure 6e ). FILAMENTOUS FLOWER (FIL) is a gene known to be expressed only in the abaxial side of leaves in Arabidopsis (Figure 6g ) (Sawa et al., 1999) . In wox1 prs radialized leaves, FIL was expressed throughout the entire radialized leaf (Figure 6h, arrow) , further indicating that they are the abaxialized structure. In Arabidopsis, the adaxially defective mutant asymmetric leaves2 (as2-101) also produces radialized abaxial leaves at a very low frequency, but their numbers could be markedly increased under relatively high growth temperatures (Qi et al., 2004) . Similarly, higher temperatures also greatly increased the
(c) frequency of radialized leaves in both wox1 prs and prs-2 wox1-101 double mutants, whereas the radialized leaf was not observed in wild-type Columbia-0 plants at the same temperature ( Figure 6i ). These results support a hypothesis that loss of leaf middle domain or both margins could affect the formation of leaf adaxial domain.
To test whether incision treatment may affect expression of middle domain/margin-specific genes in tomato, we chose the tomato SlWOX1 gene as an example for the test, for SlWOX1 is the only tomato ortholog of Arabidopsis WOX1 (Li et al., 2016) . We found that SlWOX1 has the similar tissue-specific expression pattern to that of WOX1 during leaf development. In tomato seedlings, SlWOX1 was expressed in the middle domain and in margins of leaf primordia (Figure 7a ). Different from WOX1 in Arabidopsis, for which the earliest expression was detected in the P 3 -stage primordium (Nakata et al., 2012) , SlWOX1 expression was evident in the I 1 primordium (Figure 7a, b) . The mock-treated tomato leaf primordium at 3 DAC showed normal SlWOX1 expression after culturing (Figure 7d, e) , similar to those of seedlings grown in soil (Figure 7a) . However, the incision-treated primordia developed into radialized structures at 3 DAC and SlWOX1 expression was not detected in these structures (Figure 7f, g ). The sense probe control did not show hybridization signals (Figure 7c) . These results indicate that lateral incision may disturb expression of some middle domain/marginsassociating genes.
DISCUSSION
Through analyzing PIN1 localization, we demonstrate the existence of auxin convergence points, which are formed with the opposing auxin flows, in the lateral regions of I 1 leaf primordium. Incisions in the lateral regions of I 1 primordium disrupted the auxin flows, thereby damaging the auxin convergence points and leading to the abaxialized leaves to form. We show that the abaxialized leaves are not due to the surgery-caused stress because a parallel experiment with the similar lateral incision but only at one side of I 1 primordia resulted in normal leaves ( Figure S6 ). Genetic evidence indicates that the PIN1-mediated auxin polar transport is essential in leaf polarity formation (Qi et al., 2014) . Our results from the incision experiments provide an example to explain how PIN1 may act in this process.
We propose a model for the regulation of leaf adaxialabaxial polarity by auxin polar transport in I 1 lateral regions (Figure 8 ). In the model, auxin flows out of an I 1 primordium in a fan-shaped manner, being directed toward the SAM summit (Figure 8 , yellow arrows) and the SAM sides (Figure 8, red arrows) . The former contributes to the formation of an auxin convergence point for the initiation of new organ primordia (Benkova et al., 2003; Reinhardt et al., 2003; Heisler et al., 2005) , as shown in this study I 2 is probably the new initiating leaf primordium in tomato. The latter, however, forms additional convergence points in the I 1 lateral region with the opposing auxin flows. We hypothesize that, to form a convergence point in I 1 lateral regions, a certain length of auxin flows from the two opposing directions is necessary (Figure 8 , magenta line).
In this model, tangential (Figure 8 , line 1) and lateral ( Figure 8 , line 2) incisions may both disrupt the auxin flow path, so that they both abolish the auxin convergence point. Results from previous studies did not well explain an additional tangential incision (Figure 8, line 3) , which was made by Sussex (1952) . Sussex noted according to his tangential incision results, 'the position of the isolating incision in relation to the presumptive position of the leaf is critical, because when the incision is close to the presumptive position of the leaf (as shown in Figure 8 , line 1), the leaf is radially symmetric; when farther away (as shown in Figure 8 , line 3), the leaf is dorsiventral' (Sussex, 1952 (Sussex, , 1954 . Based on our model, the result from line-3 Figure 5 . Effective lateral and tangential incisions resulted in overlapping damaged regions. (a) At 1 DAC, incision-isolated primordium bulged to enter P 1 stage, and distance between the incision position and primordium summit was measured (white line). At 7 DAC, this primordium developed into a radialized structure, which was included in Figure 4 ) were further analyzed. First, data for lateral incisions that caused radialized leaves were collected; second, from the data, distances between the right-side incision and primordium summits were grouped; third, this set of data was mapped on the right side of the tangential incision-treated apex. n = 86. M, SAM summit. Scale bars = 100 lm.
incision may be due to a failure to interrupt the auxin flow path (Figure 8, line 3) .
We noticed that with the similar incision treatment there are differences between our results and those reported by Sussex (1951) . Firstly, Sussex considered the possibility of a signal moving laterally between leaf primordia, and tested this hypothesis by making incisions at the sides of I 1 to separate I 1 from the older primordia but not from the apical meristem. Leaves treated with such incisions developed with normal adaxial-abaxial polarity. However, this kind of incision resulted in abaxialized leaves, consistent with the results reported by Wardlaw (1955) and Snow and Snow (1959) . Snows pointed out a possibility for the similar incision but different results, 'The lateral incision close to P 1 is farther to I 1 . That's why he (Sussex) didn't get the same results with us'. The comment made by Snows meets our model that only an incision disrupting the convergence points close to both lateral regions of I 1 primordia can result in polarity-defective leaves. Secondly, Sussex reported that incisions in the central region just adaxial to I 1 resulted in radialized leaves (1951) . Our data showed that no matter the (e, f) Transverse section through petioles of wild-type Col-0 leaf (e) and wox1 prs radialized leaf (f) from 3-week-old seedlings. xy, xylem; ph, phloem. White arrow indicates barely developed vascular bundle.
(g, h) In situ hybridization using FIL probe to analyze leaf of wild-type Col-0 (g) or radialized leaf of wox1 prs (h). Note that FIL is an Arabidopsis gene that is usually expressed in leaf abaxial domain. As FIL was expressed throughout the entire radialized leaf in wox1 prs (arrow), it is an abaxialized structure. (i) Both wox1 prs and prs-2 wox1-101 produced a low frequency of radialized leaves when grown at normal growth temperature (22°C), but higher frequencies of radialized leaves when treated with a higher temperature (32°C). For each genotype, 1000 plants were analyzed. Scale bars = 5 mm (a, b); 100 lm (c-h).
incisions made abaxially or adaxially to I 1 , the leaf polarity was always unaffected ( Figure S7 ). We noticed that Sussex had the alternative descriptions about this experiment. By varying the size of this cut it is possible to alter the shape of I 1 . If only a small cut is made, a dorsoventral leaf developed; if the cut is a slightly larger, the leaf is first nearly centric, but later develops a narrow lamina (Sussex, 1951) . Based on the description, it is possible that the longer incision may be more likely to disrupt the auxin flows in the lateral regions of I 1 (Figure 8 ) and cause polarity defective leaves. During normal leaf development, the formation of auxin convergence points may mainly rely on the PIN1-mediated auxin polar transport. It is possible that the altered auxin concentration at the convergence point could induce a change of cell fate, so that the originally homogenous I 1 cells at the lateral regions become leaf margin cells. This process is similar to the fate change of cells at the convergence point in the SAM area, from homogenous meristematic cells into organ founder cells. Because the leaf margin itself carries meristematic tissues (Alvarez et al., 2016) , it is possible that extensions of leaf margins toward the SAM sides is accompanied by production of the leaf middle domain.
Our results by incisions in the lateral regions of I 1 primordium are, to some degree, similar to those by loss of WOX1 and PRS functions in Arabidopsis (Nakata et al., 2012) . The incision treatment in this study resulted in the loss of middle domain and margins, while wox1 prs double mutant plants displayed defective middle domain and margins. In both cases, polarity defective leaves were formed. One explanation among others is that the middle domain and margins play a key role for normal leaf polarity formation. We hypothesize that the middle domain may serve as a barrier to separate the relatively late initiating adaxial domain from the already formed and fast growing abaxial domains. During early-stage leaf development, a newly emerging leaf primordium usually has a relatively small adaxial domain and a more enlarged abaxial domain, with cell proliferation and the growth rate in the adaxial domain slower than those in the abaxial domain. Thus, without the middle-domain barrier, the rapidly growing abaxial domain may soon occupy the entire primordium, leading to the abaxialized structure.
To support this hypothesis, two lines of evidence are necessary. Firstly, genes that are required for middle domain and margin formation should be expressed at very early leaf developmental stages. Secondly, a complete loss of the middle domain and margin should only result in abaxialized leaves. It is known that WOX1 and PRS in Arabidopsis are required for middle domain and margin formation; however, the earliest expression of WOX1 and PRS during leaf development was detected at the stages P3 and P1, respectively (Nakata et al., 2012) . In this current study, we analyzed expression of SlWOX1, which encodes the tomato ortholog of WOX1. SlWOX1 has the similar spatial expression pattern to that of WOX1 and PRS. Different form WOX1 and PRS, the earliest expression of SlWOX1 is detected in the stage-I 1 primordium. MAEWEST (MAW), which encodes the petunia ortholog of WOX1 (Vandenbussche et al., 2009) , has the similar spatial expression pattern to SlWOX1. MAW is involved in leaf polarity formation as plants with loss of MAW and another petunia gene CHORIPETALA SUZANNE produce radialized leaves. These results suggest that the middle domain and margins are important for leaf adaxial-abaxial polarity formation.
It was reported that although the typical adaxially or abaxially defective leaves are not observed in wox1 prs, this double mutant can only increase the phenotypic severity of leaves when it was combined with leaf adaxially or abaxially defective mutants (Nakata et al., 2012) . In this study, we found that in normal growth conditions wox1 prs are able to produce radialized leaves without the adaxial domain. Although the frequency of the abaxialized leaves is very low, probably due to redundant functions from some other WOX genes in Arabidopsis, the fact that the polarity-defective leaves are the abaxialized ones in wox1 prs supports our hypothesis for the role of middle domain and leaf margins in leaf polarity formation.
In conclusion, our results support the idea that patterning leaf adaxial-abaxial polarity requires functional leaf middle domain and margins, and the middle domain and margin formations rely on the auxin convergence points, fulfilled by the programmed auxin polar transport during leaf development. In Arabidopsis, loss of functions in multiple auxin biosynthetic YUCCA genes also resulted in plants with defective leaf margins (Wang et al., 2011) . Similar to the wox1 prs double mutant, yucca1,2,4 triple mutant plants showed normal leaf polarity, whereas dramatically increased leaf polarity defects occur when combined with leaf adaxially or abaxially defective mutants. These results together with those obtained in this study indicate that auxin plays a very important role in middle domain and margin formation. In the future, whether and how the auxin maximum may directly activate the WOX genes for middle domain and margin formation should be of great interest for further study.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Tomato Solanum lycopersicum cv. SF998 and cv. Moneymaker carrying the pAtPIN1:AtPIN1-GFP transgene were used in these experiments (Bayer et al., 2009) . Seeds were sown in soil and grown at 22-25°C under a 16-h light/8-h dark photoperiod. Tomato seedlings at the seventh-plastochron stage were used in incision experiments. Shoot apices about 1.5 cm in length were cut and placed vertically on 2% (w/v) agar for incision treatments. After incision treatments, the apices were cultured on MS medium at 26°C under a 16-h light/8-h dark photoperiod.
Confocal microscopy
Images were taken with a Zeiss laser scanning microscope 880 with Airyscan. For PI staining, shoot apices about 0.5 cm in length were collected and the leaves and older leaf primordia were removed. The shoot apices were treated with PI solution (0.1 mg ml À1 ) in a Petri dish on ice for 25 min and then rinsed with water. Each treated apex was then inserted into 2% (w/v) agar in a vertical position. The dish containing the shoot apex was filled with sterile water and the shoot apex was analyzed under a water objective lens. Z-stack scanning was first performed at the surface level of an apex to establish the 3D image. The Airyscan model was then applied to obtain high resolution images, by scanning successively from top to deeper levels until reaching to the level of interest. At the top level, cell shapes in Airyscan image are similar to those in the 3D image, but in the deeper levels they are usually not. Therefore, successively scanning, usually 0.33 to 0.6 lm deep for additional levels, was performed to establish a connection for the same cell between top and deeper levels. For GFP fluorescence, a 488 nm laser line was used for excitation and a 500-550 nm band-pass filter was used for detection. For PI fluorescence, a 543 nm laser line was used for excitation and a 605 nm long pass filter was used for detection. The scanning time was set at 1.74 sec for both GFP and PI fluorescence. Confocal microscopy results including all the successively scanning images were further analyzed using ZEN2.3 software (Zeiss), and an arrow Figure 8 . Model for role of auxin polar transport in leaf adaxial-abaxial polarity formation. Once I 1 primordium forms, auxin starts to flow out of the primordium, with PIN1-GFP polarity being directed toward either the SAM center (yellow arrows) or SAM sides (red arrows). Auxin convergence points are formed in lateral regions of I 1 primordium with opposing auxin flows (red and turquoise arrows). M, SAM summit. Magenta line is hypothesized auxin flow path, which is required for formation of convergence point. Line 1, position of tangential incision performed in previous studies and in this study. Line 2, positions of lateral incisions. Line 3, position of tangential incision described by Sussex (1952) . The difference between Line 3 and Line 1 is that Line 3 is further away from leaf primordium. Although Line-1 treatment resulted in polarity defective leaves, Line-3 treatment always produce polarity normal leaves (Sussex, 1954) . It is possible that the result from line-3 incision may be due to a failure to touch the auxin flow path.
was assigned onto the 3D images according to the results of computer analysis. Arrows were not assigned if the distance between PIN1-GFP and PI fluorescence peeks was less than 50 nm or the results from three evenly distributed positions at the same boundary between two cells were not consistent.
Microsurgery incision, scanning electron microscopy, and in situ hybridization Separation of incipient primordia from the SAM was carried out with glass needle under a dissecting microscope (Reinhardt et al., 2005) . Isolated tomato apices were photographed under a dissecting microscope. Scanning electron microscopy (SEM) and in situ hybridization using were performed as described elsewhere (Xu et al., 2003; Li et al., 2005) .
Statistical analysis
Images were taken at 1 DAC for each primordium that was incised at the I 1 stage, and the distance between the incision position and the center of each corresponding P 1 primordium was recorded. These data, together with the phenotypes of each treated primordium observed at 7 DAC, were subjected to KolmogorovSmirnov and t-test analyses. confocal microscopic analysis, X. Gao and J. 
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